DISTILLATION POINTS TO REMEMBER 


1. Distillation columns carry out physical separation of liquid chemical components from a 
mixture by 
a. A combination of transfer of heat energy (to vaporize lighter components) 


b. Mass transfer between the liquid and vapor phases. 
2. Simple Rules of Vapor Liquid Equilibrium 


a. Vapor pressure of liquid depends on temperature. 

b. Heat input raises vapor pressure of liquid. 

c. A liquid boils when its vapor pressure equals the system pressure. 

d. Higher the vapor pressure lowers the boiling point. 

e. Volatile liquids have high vapor pressure. 

f. The vapor pressure and hence the boiling point of a liquid mixture depends on the 


relative amounts of the components in the mixture. 


3. Distillation is the most common separation technique. Distillation is energy intensive 
process. It has large heating and cooling load. It can contribute to 30-60% of plant 


operating costs 


a. Fractionation is a unit that has both a reboiler to supply heat at the bottom and a 


condenser to take heat out from the top. This is normally called distillation. 


b. Absorption is a unit that has no method at the top of the tower to take heat out. An 
external liquid is supplied from outside the system to absorb material from the 


vapor. 


c. Stripping is a unit that has an external stream (gas or steam) supplied from 
outside the system to strip light material from the liquid. It may have a reboiler at 


the bottom of the tower to put heat in. 


5. Inoil and gas processing sharp separation of a product of high purity is not so common. 


Example - LPG is not a pure component. 


6. The equilibrium compositions of the components in a liquid mixture vary with 
temperature at a fixed pressure. When a liquid with mole fraction of A=0.4 (point A) is 


heated, its concentration remains constant until it reaches the bubble- point (point B). It 
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starts to boil. The vapors evolved during the boiling has the 


equilibrium composition given by point C. SUPERHEATED VAPOUR 
DEW 
7. Relative Volatility of component 1 and 2 in a mixture is POINT 


CURVE 


given by- Relative Volatility = [y1/x1] / [y2/x2], Where - y 


is the composition in vapor phase and x is the component in 
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liquid phase at a particular pressure and temperature. 


8. A typical distillation major components and basic operation SUBCOOLED LIQUID 


a. A reboiler to provide the necessary heat of oo o2 of o6 o8 10 


vaporization for the distillation process. Concentration (mole fraction A) 


b. A condenser to cool and condense the vapor leaving the top of the column. 


c. A reflux drums to hold the condensed vapor from the top of the column so that 


liquid (reflux) can be recycled back to the column to enhance close separation. 


d. The feed is introduced usually somewhere near the middle of the column to a tray 


known as the feed tray. 


e. The feed tray divides the column into a top (enriching or rectification) section and 


a bottom (stripping) section. 


f. The liquid (from feed and condensing vapors on the rectification section) feed 


flows down the column. 


g. Heat is supplied to the re- boiler to generate vapor.The liquid removed from the 


reboiler is known as the bottoms product or simply, bottoms. 


h. The vapor moves up the column, and as it exits the top of the unit, it is cooled by 


a condenser. 


CONDENSER 


i The condensed liquid is 


collected in a vessel known 
Lu] REFLUX DRUM 


as the reflux drum. Some of eeu | L_| 


ENRICHING 
(RECTIFICATION 


the top of the column and this FEED 


this liquid is recycled back to 


is called the reflux. ert 
SECTION 


j. Part of the condensed liquid 


is removed from the reflux 


drum (or from one of the * pk. 


BOTTOMS 


HEAT OUT €) 


trays) system is known as the 
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distillate or top product. 


k. Thus the distillate and the bottoms become the final products. For multi- 


component distillation. 


l. Certain products can be drawn from one of the trays and is called side draw off. 


m. Each tray attains a “equilibrium temperature”. A temperature profile takes place 


along the distillation column, the highest being at the bottom and the lowest being 


at the top. 
9. Packed Column Vs Tray Column 


Packed Column 


Low pressure drop 

Good for vacuum service 

Less flexibility for side draws 

Good for corrosive service 

Ideal for small diameter 

Not preferred for high pressure 

Not used for Residence time limitations 
Usually avoided for low Liquid loading 
Can handle very large liquid load 
Requires smaller diameter column 


10. Distillation Calculation Methods 


a. Stream Specifications 


Tray Column 


High pressure Drop 

Not recommended for high vacuum service 
Flexible for side draw 

Expensive for corrosive service 
Expensive for small diameter 

Good at high pressure 

Good when high Residence time required 
Good for low liquid loading 

Cannot handle very large liquid load 


Requires larger diameter column 


b. Feed Specifications (Temp, Pressure and Composition) 


c. Variation in feed specifications. 
d. Top product specification 
e. Bottom product specification 


f. Side draw specification 


g. Provide design margin while making calculation 


h. Estimate the recovery required 
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11. Feed Condition 


The thermal condition of the feed determines the column internal flows. 


a. If the feed is below its bubble point, heat is needed to raise it to where it can be 
vaporized. This heat must be obtained by condensing vapor rising through the 
column, so the liquid flow moving down the column increases by the entire amount 
of the feed plus the condensed material and the vapor flow upward is decreased. 


Sub cooled Liquid - q>1 i.e. q=1+CpL(T pp- T+)/lambda 


b. If the feed enters as superheated vapor, it will vaporize some of the liquid to 
equalize the enthalpy. In this case, the liquid flow down the column drops and the 
vapor flow up is increased by the entire amount of the feed plus the vaporized 


material. Superheated Vapor - q<0, q=(- cpv*(T t- T dp)/lambda). 


c. If the feed is saturated (liquid or vapor), no additional heat must be added or 


subtracted, and the feed adds directly to the liquid or vapor flow. 
i. Saturated Liquid (bubble point feed), q=1 


ii. Partially Vaporized 0 <q <1, q is the fraction of the feed that is liquid. It 
can be found by doing a flash calculation and then q=(L/F)=(1- V/F) 


iii. | Saturated Vapor (dew point feed), q=0 


12. Thermodynamic Method 


The selection of thermodynamic method is one of the most critical decision a process 
engineer makes in design. General guidelines are given in the software. However, this is 
not adequate. Process engineer must develop skill in selecting thermodynamics method. 


The following may be used as a guideline: 


a. Use S-R-K or P-R methods for most hydrocarbon service. The improved 


methods also may be used. Both the methods are good for high pressure also. 


b. The software may have interaction parameters for methods like Wilson, NRTL, 


Margules, etc. You may use this for non- ideal services. 


c. If experimental x- y data are available at one or more conditions, the data can be 


regressed using the most suitable thermodynamic model. 
d. For vacuum services, vapor pressure (ideal) model can be considered. 


e. Use special methods for the given application such as Amines or Sour Water etc. 
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13. Estimate using Short- cut methods 


Fenske- Underwood- Gillliland (FUG) Shortcut Method / Smith- Brinkley Method 


a. 


Operating Pressure for Column - In general lower the operating pressure, easier 
the separation. However, lower the pressure, larger the column size. Select 
optimum pressure based on expected temperature, utilities available, product 


degradation, refrigeration requirement etc. 


Pressure Drop - Initial estimate on pressure drop may be done based on 70 mm 
water column for pressure drop in each tray and 40 mm water column per meter 


of packed height for random packing. 


Based on the given feed and product specifications, estimated recovery and K- 
model selection, use short- cut methods to calculate the following: 
i. Minimum Reflux Ratio - Underwood's Equation 
ii. Minimum number of theoretical trays - Fenske’s T otal Reflux Equation 
iii, | Reflux ratio Vs No. of trays - Gilliland Empirical Correlation 
iv. Ideal Feed Location - 
v. Expected temperature and duty. 


vi. Based on short- cut method, select the number of trays required, reflux 


ratio and feed tray location. This is the first estimate for rigorous method. 


14. Rigorous Calculation Method 


a. 


b. 


Select the column operating pressure at the top 


Specify pressure drop for the condenser, may be 0.05 to 0.3 Kg/cm2, depending 


on service. 


Select number theoretical trays and feed location based on results of short cut 


method. 


Specify minimum specification as per programme requirements. This include 
reflux ratio and reflux rate, product purity, reboiler duty, top temperature, bottom 


temperature etc. 

For fast conversion of column, specify product rate, reflux rate, reboiler duty etc. 
Specify estimated quantities of other parameters, if known. 

Develop one precise calculation. 


Fine tune (optimize) on reflux ratio and feed- tray location. 
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The number of trays selected from short-cut method may not be optimum. 


Therefore, develop few cases with different number of trays. 
Based on all these cases, select the case which seems to be the optimum. 


The theoretical number of trays can be converted to actual number of trays based 
on tray efficiency or can be converted to equivalent packed height based on HETP 


value. 


15. Tray Efficiency 


a. Tray efficiency vary from 30% to 100%, but most hydrocarbon service, it is in the 
range of 60% to 80%. 

b. Various co- relations are cited in literature for calculating efficiency. However, 
they are not very reliable. 

c. In-house data bank, tray vendor information and published experimental 
information is more reliable for tray efficiency 

16. HETP 

a. HETP (Height Equivalent to a Theoretical Plate) values are used for calculating 
total packed height from the number of trays calculated using simulator. 

b. HETP value is calculated based on experience and vendor information. 

c. While calculating the HETP, the liquid distribution for each bed plays a major role. 

d. The typical value of HETP for most random packing is 300 mm to 800 mm. The 
corresponding value for structural packing is some what lower. Smaller the 
packing, lower the HETP value 

e. The total packed height is divided into number of beds. Each bed may have 
height equivalent to 6 to 15 theoretical trays for random packing. 

f. H/D Ratio for a random packed bed is limited to 8. Often bed height is restricted 


to 6m. Higher packed height per bed is permitted for structure packing. 


17. Column Diameter and Height Calculation 


a. 


Tray Column 


i. Calculate total number of trays required 


ii. Calculate column diameter based on vapor and liquid flow rates. Preliminary 


calculations can be done using simulator. Tray vendor will give accurate 
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data. Tray diameter calculation depends on tray spacing. Therefore, some 


optimization calculation may be required. 


iii. Tray spacing varies from 250 mm to 750 mm. Most hydrocarbon services 


use tray spacing of 450 mm to 


600 mm. 
Entrainment 
iv. Provide space of about 800 mm t tosia 
to 1000 mm at the top of 1st £ f GY gprs 
tray for man- way. Z $ Statie operation 
SLL cram 
v. Provide liquid level at column , Kd 


, ‘Weeping - dumping 
bottom based on residence 


time required. Note that liquid gr 
Ligud rale ~= 


disappears due to bottom 


product removal and due to vaporization 


vi. Provide adequate space between HHLL and the last tray for proper 
separation of vapor and liquid. 

vii. Column hydraulics shall be such that normal operation is away from 
entrainment, flooding, choking etc. Vapor flow velocity is dependent on 
column diameter. Weeping determines the minimum vapor flow required 
while flooding determines the maximum vapor flow allowed, hence column 
capacity. Thus, if the column diameter is not sized properly, the column will 
not perform well. Not only will operational problems occur, the desired 


separation duties may not be achieved. 
b. Packed Column 
i. Calculate HETP as described above. This includes selecting size of the 
packing. 
ii. Calculate total packed height above and below the feed location. 


iii. | Divide the total packed height into number of beds such that each bed has 


about 10 theoretical stages. 


iv. Calculate column diameter using simulator based on hydraulics data and 
packing selected. Specify pressure drop in the range of 25 mm water 
column to 40 mm water column per meter of packed height. This is finalized 


after discussion with packing vendor. 


v. Calculate overall column dimensions as described for tray column. 
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18. Internals 
a. Tray Column 
i. Trays 
ii, Chimney Tray 
iii. Feed Pipes 
iv. Gas Distributor 
v. Partition Plate 
b. Packed Column 
i Packing 
ii. Distributor / Redistributors 
iii. Support Plate 
iv. Hold drum plate / bed limiters 
v. Feed Pipe 


vi. Gas Distributor 


19. Factors Affecting Distillation Column Operation / Performance 


The performance of a distillation column is 


determined by many factors, for example: Slope: RXR+1) 
1.0 


a. Feed Conditions 


08 + 
The state of the feed mixture and feed 
composition affects the operating lines and 5 06 + 
> 
hence the number of stages required for £ E 
ia | 


separation. It also affects the location of 


feed tray. During operation, if the deviations °? 7 


from design specifications are excessive, = 
00 02 0.4 06 08 1.0 


then the column may no longer be able 
LIQUID (x) 


handle the separation task. To overcome 
the problems associated with the feed, some column are designed to have multiple 


feed points when the feed is expected to containing varying amounts of components. 
b. Reflux Conditions 


As the reflux ratio is increased, the gradient of operating line for the rectification 


section moves towards a maximum value of 1. Physically, what this means is that 
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more and more liquid that is rich in the more volatile components are being recycled 
back into the column. Separation then becomes better and thus less trays are needed 
to achieve the same degree of separation. Minimum trays are required under total 


reflux conditions, i.e. there is no withdrawal of distillate. 


On the other hand, as reflux is decreased, the operating line for the rectification 
section moves towards the equilibrium line. The ‘pinch’ between operating and 
equilibrium lines becomes more pronounced and more and more trays are required. 
This is easy to verify using the McCabe- Thiele method. The limiting condition occurs 
at minimum reflux ration, when an infinite number of trays will be required to effect 
separation. Most columns are designed to operate between 1.2 to 1.5 times the 
minimum reflux ratio because this is approximately the region of minimum operating 


costs (more reflux means higher reboiler duty). 
c. State of Trays and Packings 


Remember that the actual number of trays required for a particular separation duty is 
determined by the efficiency of the plate, and the packings if packings are used. T hus, 
any factors that cause a decrease in tray efficiency will also change the performance 
of the column. Tray efficiencies are affected by fouling, wear and tear and corrosion, 
and the rates at which these occur depends on the properties of the liquids being 


processed. T hus appropriate materials should be specified for tray construction 
d. Vapor Flow Conditions 
Adverse vapor flow conditions can cause 

i. Foaming 


Foaming refers to the expansion of liquid due to passage of vapor or gas. 
Although it provides high interfacial liquid- vapor contact, excessive foaming often 
leads to liquid buildup on trays. In some cases, foaming may be so bad that the 
foam mixes with liquid on the tray above. Whether foaming will occur depends 
primarily on physical properties of the liquid mixtures, but is sometimes due to 
tray designs and condition. Whatever the cause, separation efficiency is always 


reduced. 
ii. Entrainment 


Entrainment refers to the liquid carried by vapor up to the tray above and is again 
caused by high vapor flow rates. It is detrimental because tray efficiency is 


reduced: lower volatile material is carried to a plate holding liquid of higher 
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volatility. It could also contaminate high purity distillate. Excessive entrainment 


can lead to flooding. 
iii. | Weeping / Dumping 


This phenomenon is caused by low vapor flow. The pressure exerted by the vapor 
is insufficient to hold up the liquid on the tray. Therefore, liquid starts to leak 
through perforations. Excessive weeping will lead to dumping. That is the liquid 
on all trays will crash (dump) through to the base of the column (via a domino 
effect) and the column will have to be re- started. Weeping is indicated by a sharp 


pressure drop in the column and reduced separation efficiency. 
iv. Flooding 


Flooding is brought about by excessive vapor flow, causing liquid to be entrained 
in the vapor up the column. The increased pressure from excessive vapor also 
backs up the liquid in the down comer, causing an increase in liquid holdup on the 
plate above. Depending on the degree of flooding, the maximum capacity of the 
column may be severely reduced. Flooding is detected by sharp increases in 


column differential pressure and significant decrease in separation efficiency. 
v. Weather Conditions 


Most distillation columns are open to the atmosphere. Although many of the 
columns are insulated, changing weather conditions can still affect column 
operation. Thus the reboiler must be appropriately sized to ensure that enough 
vapors can be generated during cold and windy spells and that it can be turned 


down sufficiently during hot seasons. The same applies to condensers. 


These are some of the more important factors that can cause poor distillation 
column performance. Other factors include changing operating conditions and 
throughputs, brought about by changes in upstream conditions and changes in the 
demand for the products. All these factors, including the associated control 
system, should be considered at the design stages because once a column is built 
and installed, nothing much can be done to rectify the situation without incurring 


significant costs. 
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